Abstract: This study investigates whether accessibility shapes the attractiveness of residential land as predicted by theory. A spatial hedonic analysis is conducted for the metropolitan area of Berlin, Germany, using a large set of georeferenced property transactions and micro-level data. We find that the nuclei of residential land price and employment density gradients are separated by approx. 10 km, which essentially contradicts theoretical implications. Also, environmental externalities arising from the residential composition or the building structure and density in the neighborhood are more important determinants than access to the city center, which, if at all, impacts negatively on residential land prices. Moreover, a new gravity-based accessibility indicator is employed that incorporates the effective distribution of employment as well as the rapid transit network architecture in order to disentangle the effects of proximity to employment opportunities from a more general urban attraction effect. After controlling for accessibility, we find a negative effect of urban attraction, respectively an effect of urban repulsion, indicating a relatively higher attractiveness of peripheral locations. This effect is partially counterbalanced by the benefits arising from access to employment opportunities that are, although relatively dispersed, more concentrated within downtown areas. In the tension between both forces, the land price gradient tends to be, if at all significant, positive. After all, we conclude that if transport costs are very low, commuting costs lose their role as the most striking determinant of land price. These results are robust to spatial dependency.
Introduction
Although the classical monocentric city model, arguably still the very core of urban economics, can hardly be ascribed to a single author, it seems fair to state that in terms of prominence and citation of his work, William Alonso still holds an outstanding position among the leading contributors. Therefore, and because the fundamentals of his model are quite similar to those of the other pioneering urban economists, his work might be regarded as exemplary for the early period of urban economics.
1 As one of the key features of the monocentric urban economy it is assumed that employment and population density as well as land price peak in one central urban core, which is the most attractive location in the city. With distance to the core, land price and intensity of land use continuously decline as transport costs to the exogenous center increase.
Of course, over the recent decades theoretical and empirical urban economic research has added substantially to this fairly simplistic framework. For instance, a broad range of amenities has been investigated that shape the value of urban land besides the compensations residents receive from reduced commuting (BRUECKNER, THISSE, & ZENOU, 1999; CHESHIRE & SHEPPARD, 1995) . Recent theoretical models also address the key-weakness of the early models, which do not provide a comprehensive rationale for why city centers emerge. Accordingly, firms receive a production externality from neighboring firms that raises productivity and, hence, creates a strong incentive for agglomeration. 2 If the respective externalities are strong and localized and commuting costs are relatively low, then within a framework of abstract space the traditional "Mills map" will emerge (LUCAS & ROSSI-HANSBERG, 2002) . Similar to the implications of the traditional monocentric theory, there is an economic core area predicted comprising all employment opportunities while residents trade the cost of commuting against the price of residential land along a (negative) central business district (CBD) gradient.
However, if transport costs are very low, other determinants of residential land prices will play an increasingly important role, possibly leading to a range of 1
In the same breath as ALONSO (1964) , the usual citations refer to MILLS (1972) and MUTH (1969) . Important works sharing the same spirit, among others, include BECKMANN (1969) and SOLOW (1973) . The respective history of thought at least dates back to VON THÜNEN (1826) . In a recent survey, Alonsos' contribution featured within the group of the "path-breaking books in regional science" that received the most nominations by regional scientists. So far, more than 900 journal citations have been counted by the Institute of Scientific Information (ISI Web of Science) (WALDORF, 2004) .
2
See for formal models BORUKHOV & HOCHMAN (1977) , FUJITA & OGAWA (1982) , LUCAS (2001) , LUCAS & ROSSI-HANSBERG (2002) , and TEN RAA (1984) .
"irregular" gradient behaviors, e.g. land price gradients becoming insignificant, inverse or peaking at unexpected locations. In this analysis we empirically investigate the spatial structure of Berlin, Germany, using a large and comprehensive set of property transactions and highly disaggregated population and employment data, among data on additional location attributes. We relax a number of common assumptions, e.g. the featureless plain, perfect employment concentration, exogenous center as well as perfect substitutability between urban railway stations, in order to come closer to the effective pattern of accessibility and compare its role as a determinant of urban land price to other location characteristics. The metropolitan region of Berlin represents an interesting study area due to relatively low transport costs owing to a welldeveloped public transportation system and the absence of major problems of congestion.
3
Our empirical strategy consists of four basic steps. First, we separate locational from non-locational property transaction characteristics in a hedonic analysis. In the second step, we compare the location of the endogenously identified nucleus of the land price gradient to the nodes of employment and population density gradients. In the third step, the role of the CBD land price gradient as a determinant of residential land gradient is investigated, including the sensitivity of the respective coefficient estimate to the introduction of a wide array of location controls. In the last step, we generate a more sophisticated accessibility indicator that helps to disentangle the pure employment accessibility effect from a more general effect of urban attraction, or repulsion, in order to reveal whether commuting costs feature as prominently as a determinant of location attractiveness as suggested by theory.
The major road and rail networks were designed during the pre World War II period, when Berlin counted almost 4.5 million inhabitants. Since then transport infrastructure has steadily improved while the population by the end of 2005 was below 3.4 million. 
Data

Empirical Analysis
Generating Residual Land Price
We start from the basis assumption that the attractiveness of real estate commodities is fully capitalized into property prices in equilibrium real estate markets. The implicit prices of locational as well as non-locational factors can hence be revealed in a hedonic analysis using standard multiple regression 4
From the full record, approx. 1,800 observations had to be excluded due to missing values in relevant variables. We found no reason to believe in any type of sample selection bias.
5
Data include all employees contributing to the social insurances in 2003.
techniques (MUELLBAUER, 1974; ROSEN, 1974 Since the focus of our research lies on the price of urban land we use a strategy similar to PLAUT & PLAUT (2003) in order to separate the implicit price paid for locational attributes of a property from the non-locational characteristics.
Employing the well-established log-linear specification we therefore regress the log of price of land in Euro per square meter of purchased land (Price) on a set of attributes characterizing the objects' physical attributes and contract details that potentially influence transaction price, as well as a set of location fixed effects that capture unobserved location characteristics.
where ,
STRUCT is a vector of non-locational characteristics, a is the respective set of coefficients, µ is a composite error term facilitating unobserved traffic cell (Verkehrszelle) fixed effects θ and ε is a random error term satisfying the usual conditions. 6 Since we cluster standard errors on traffic cells, our estimator addresses spatial autocorrelation in the error by allowing mean and variance to vary across space (DEHRING, DEPKEN, & WARD, 2007) .
Results of hedonic analysis corresponding to equation (1) are presented in column (2) of Table A1 in the appendix. All models in Table A1 include year effects and monthly dummy variables. Column (1) shows results when location effects are omitted. These results are displayed for the sake of completeness only, allowing the interested reader to get an impression of the estimates' sensitiveness to the consideration of location and neighborhood characteristics. The following discussion refers to column (2) results, which are largely confirmed by the application of parametric location controls displayed in columns (3) and (4 From the effective plot price per square meter, the non-locational property characteristics and the estimated attribute coefficients, the residual land price (RES) can be inferred:
Assuming that there are no relevant omitted property characteristics, these residual land prices reveal the premium that buyers were implicitly willing to pay for a square meter of land at a given location. As long as omitted structural attributes are not correlated across space, we can at least rule out a systematic deviation from the implicitly perceived value of land.
Estimated residual land price is visualized in Figure 1 employing 
Gradient Nodes
The standard monocentric model of an urban economy assumes that land price and various density gradients take a negative convex form, all emerging from a single "nucleus", "node" or "pinnacle", which is the city center. Assuming the location of the CBD to be known a priori, gradients are usually described by a negative exponential function of distance to the CBD (distCBD). Our residual land prices would accordingly be described by the following function.
exp
Employment and population density gradients may be modeled in the same way.
In order to empirically reveal whether the residential land price gradient as well as the population and employment gradients all emerge out of one common nucleus, the assumption of an a priori-known CBD location has to be relaxed. As suggested by PLAUT & PLAUT (1998) we therefore substitute distance to the CBD by a function of CBD coordinates relative to location i.
where X C (east/west) and Y C (north/south) describe the location of the CBD by coordinates given in units of projected km and Xi and Yi are the same referring to transaction i. Table 1 shows parameter estimates corresponding to equation (2) estimated by the use of non-linear least squares (NLS).
Tab. 1 Land Price and Employment Gradient
(1 Estimated employment and population density nodes both lie within the major downtown area of Berlin, separated only by approx. 1.5 km. In contrast, the respective residential land price gradient node is located in the middle of the forest Grunewald, one of the major recreational areas in Berlin. This location is clearly outside the suburban railway ring, which represents an important demarcation line for the inner-city areas of Berlin. It is separated by roughly 10 km from the estimated employment and population density nodes. Figure 2 illustrates the locations of estimated gradient nodes on the background of employment density.
The negative intercept value for population density displayed in column (3) of Table 2 appears somewhat distracting. However, our estimates effectively imply that the population density diminishes to zero after 24.275km from the population density gradient node, which roughly corresponds to the radius of a circle touching the city's boundaries at the outmost point. Table 1 results, as well as Figure 1 and 2, strongly indicate that access to the CBD is not the most important determinants of residential land price in Berlin. Also, access to employment does not seem to play the predominant role in intra-city choice of location, given that employment density is highest within the downtown area. Residents potentially sort spatially according to preferences for a broader range of location and neighborhood characteristics, rather than with respect to accessibility to employment and other amenities that are concentrated in the urban core. This outcome, which essentially contradicts the implications of Alonso's monocentric city model, could be facilitated by relatively low transport costs due to a well-developed system of public transport and the absence of considerable problems of congestion, which would raise the opportunity cost of traveling by private transport. Alternative determinants of residential land price are subject to further investigation in the following sub-section. 
Determinants of Residual Land Price
Standard hedonic price estimates explaining estimated residual land prices (RES) by a number of location attributes using multiple OLS regression are presented in Tables 2.
where LOC is a vector of variables, which covers distance to the employment center as well as other location characteristics such as building structure, spatial amenities and neighborhood composition, and b is the respective set of coefficients to be estimated. However, due to the spatial nature of the data, a spatial structure in the error term φ is likely to arise, which can be addressed by employing spatial autoregressive models (SAR). Following the standard procedure, we decide for a spatial error correction model to account for error terms and omitted variables that are correlated across space (ANSELIN, 2003; ANSELIN & BERA, 1996; ANSELIN & FLORAX, 1996) . 8 We choose a rowstandardized weights matrix (W), where transactions within a distance band of 350 meters are treated as neighbors. 9 Formally, the spatial autoregressive (SAR) model that we estimate employing a maximum likelihood estimator corrects for the spatial structure of the error term φ in equation (5) as follows:
, (6) where is a usual independent and identically distributed vector of error terms. Table 3 presents SAR estimates analogical to Table 2 .
In column (1) of Table 2 , we show results for OLS regression of residual land price (RES) on distance to the employment center estimated in Table 1 . In order to account for possible market segmentation as a persistent effect of the city's division during the 20 th Century, we include a dummy denoting all transactions that took place within the formerly western part of the city (West). Throughout all estimations conducted in the course of this analysis, we find a robust price differential between the formerly separated parts of the city. Accordingly, land in the western part of the city during our period of observation was valued as on average roughly 20% -25% higher. 10 At the same time, the positive and highly statistically significant coefficient on the distance to the employment center in column (1) confirms that proximity the CBD does not raise the price of residential land as is predicted by theory. Another form of spatial dependency emerges from the fact that sales prices are endogenous to neighboring transactions. This dependency can be dealt with by the application of a spatial lag model. Methodological aspects of spatial error and spatial lag models are covered by ANSELIN (1988) and ANSELIN & BERA (1998). 9 This weights matrix provides the best fit compared to alternative specifications and minimizes the Akaike and Schwarz criteria. Column (2) of Table 3 reveals the robustness of this result, although the significance level of the coefficient is slightly affected. Given that employment is not particularly concentrated at the city fringe, besides generally low commuting costs, these findings indicate the presence of either perceived amenities in the periphery or disamenities in the core. So far, there is still relatively little evidence available on land price gradients becoming positive, and those who have investigated gradient inversion did so mainly for the city of Chicago (MCDONALD & BOWMAN, 1979; MCDONALD & MCMILLEN, 1990; MCMILLEN, 1996) . One of the few exceptions are PLAUT & PLAUT (2003) , who document a gradient inversion for Haifa, Israel, by the mid-1980s. They attribute the inversion to a dramatic increase in car ownership, which led to the CBD losing its comparable advantages in terms of accessibility. Other common explanations for gradient inversion refer to aging and deterioration of downtown housing stock or the socioeconomic traits in inner-city neighborhoods. In columns (2) - (5) of Tables 2   and 3 , we address some potential explanations for the relative attractiveness of peripheral locations in Berlin. Since age and physical condition of properties were already accounted for when generating residual land values, we use a set of dummies describing an area's typical building structure in order to capture the related external effects on location desirability (column 2). In column (3) we add geographic distance variables addressing availability of rail-based public transport as well as natural amenities. Neighborhood composition, including car ownership per capita, which presumably captures both an income and accessibility effect, is investigated in column (4). In column (5) Table 2 to column (3) in Table A1 also reveals that results remain qualitatively unchanged when using prices per square meter and the full set of structural attributes instead of residual land prices.
Tab. 2 Determinants of Residual Land Price (OLS)
(
Tab. 3 Determinants of Residual Land Price (SAR)
(1) (SAR) 
Accessibility and Urban Attraction
Despite the theoretical prominence, our results so far provide surprisingly little evidence for accessibility representing a major determinant for attractiveness of urban location, at least when the monocentric city model is the considered Tables 2 and 3 do not necessarily imply the absence of significant accessibility effects.
More likely, the underlying assumptions of the monocentric urban economy are too rigid and inadequate to capture the effective spatial structure of Berlin. In particular, the assumption of perfectly concentrated employment opportunities within the urban core seems rather questionable. As advocated by ADAIR et al.
(2000), more complex gravity-based accessibility indicators may come closer to reality by allowing the respective spatial pull to originate from distinct locations.
Using such a measure, OSLAND & THORSEN (2008), studying a monocentric region in Norway, disentangle the impact of employment accessibility on housing prices from a more general effect of urban attraction, which they attribute to urban amenities that are concentrated in the core region. Considering these results, the absence of a significantly negative land price gradient (to the employment center) by no means connotes that residents do not value access to employment opportunities. On the one hand, the employment distribution might simply be too dispersed in order to be well reflected by the distance to the employment centre. On the other hand, the observed land price gradient is likely to reflect a net effect of access to employment and a broader centrality effect, whereas in contrast to OSLAND & THORSEN (2008) we may observe an effect of urban repulsion instead of attraction.
We therefore generate a gravity-based accessibility measure building on the basic hypothesis that larger numbers of employment opportunities, which are accessible within a reasonable amount of time, increase the number of households bidding for living space at a given location and, hence, equilibrium land prices. The point of departure is a HANSEN (1959) type accessibility measure which represents employment potentiality (EP) at location i as distance-weighted sum of employment (E) at locations j. Such potentiality measures have a long tradition in economic geography, dating at least back to HARRIS (1954) .
where t ij is the effective travel time between location of transaction i and the controid of statistical block j and δ is the decay parameter determining the spatial discount according to the standard exponential cost function. If employment were concentrated in one single location, let's say the urban core, and the price of land was assumed to be a linear function of EP; δ would roughly correspond to the land gradient parameter estimated in commonly employed log-linear specifications.
Ideally, the impact of employment potentiality on location attractiveness would be estimated on the basis of a full travel-time matrix individually connecting the 30,061 property transactions considered in our analyses to the 15,937 statistical blocks for which employment data is available within our study area. Instead, we use a shortcut that allows us to reduce the computation requirements without much loss of generality and precision. GIBBONS & MACHIN (2005) find that the catchment area of urban railway stations hardly exceeds a range of 2km, a range that roughly corresponds to a maximum walking distance. This result, derived for London, should be feasibly applicable to Berlin. Building on this finding we aggregate employment within the catchment area of railway stations using the standard potentiality form and a decay parameter of a equal to 2. Fig 
∑ exp δ , if s ≠ m (9)
For the generation of travel time t is between location i and station s we assume an average train velocity of 33km/h, which is determined on the basis of an evaluation of the timetables of Berlin's metro and suburban railway lines.
Furthermore, we assume a walking speed to the station of 4km/h and an average waiting time of 2.5 minutes at the station of departure. 12 Station potentiality of station m located closest to location i remains unconsidered since no train ride is involved in a journey to blocks belonging to the respective catchment area.
Instead we assume that a location is endowed with an employment potentiality within walking distance (WEP), which does not depend on railway infrastructure. (5) consequently takes following form:
The respective results are displayed in column (1) of Notes: Endogenous variable is log of residual land price per square meter (RES) in all models. PBS variables capture the predominant building structure. SAR models use a weight matrix that treats properties within 350 m as neighbors. Heteroscedasticity robust standard errors are in parenthesis. Model (3) and (4) standard errors are robust for spatial dependency. * denotes significance at the 10% level, ** denotes significance at the 5% level, *** denotes significance at the 1% level.
Robust estimates employing a SAR specification, which is set up as in the section above, are displayed in column (3) of the same Table. Therefore, a linearized version of equation (12) is used where we take the estimated coefficient β 2 from column (1) as given. We also estimate an alternative specification where we allow the log of employment potentiality within walking distance to enter the specification as a separate term in order to allow for a different marginal value of employment opportunities that can be accessed by walking or public mass transport (columns 2 and 4). While the overall pattern of results proves to be very robust to this model alteration, employment opportunities in the immediate vicinity play only a very limited role as a determinant of land price. In contrast, both key coefficients of interest β 1 and β 2 show the expected sign and are statistically significant, indicating that access to employment is a significant determinant of land price if the effective distribution is accounted for. However, the magnitude of the transport coefficient β 2 is very small compared to the results provided by OSLAND & THORSEN (2008) , which supports the notion of relatively low transport cost within the metropolitan area of Berlin.
At least two more features in Table 4 results deserve closer attention. First, the coefficient on distance to the nearest railway station becomes insignificant in the SAR and even positive and significant in the NLS models. The definition of this variable imposes the usual, but somewhat rigid, assumption of perfect substitutability of urban railway stations, independently from the hierarchy that stations enjoy within the network. This assumption is relaxed by our accessibility indicator as it takes into account both the distance to a nearest station as well as the number of jobs that can be accessed by the use of the network, weighted by distance. This measure also captures services like, for example, shopping opportunities that are likely to be correlated with employment in urban space.
The simple distance measure being rendered insignificant by the introduction of the gravity-based accessibility measure indicates that the standard hypothesis of urban railway stations representing perfect substitutes should be rejected in favor of more complex concepts, which allow the perceived accessibility effect to vary across stations. 13 In the second striking effect of the introduction of the employment potentiality variable(s) we note that Distance to Employment Center is now significant, even though controlling for spatial dependency. The notable increase in the CBD gradient following the introduction of the decentralized employment accessibility measure highlights the importance of distinguishing between a labor market accessibility effect and the effect of urban attraction, which was proposed by OSLAND & THORSEN (2008) . 14 However, contrary to their results our estimates suggest a negative urban attraction effect. Both studies share the commonality that the gravity-based accessibility measures contribute only limitedly to the explanatory power of the model.
Given that job opportunities are more concentrated in downtown compared to peripheral areas, our results also suggest that without the spatial pull originating 13 The pattern of results remains almost unchanged if Distance to Nearest Station is omitted.
14 As a robustness check we estimate a linerized version of Table 4 , column (2) specification using the effective price per sqm of land and the full range of locational and non-locational attributes. Results, which are displayed in column (4) of Table A1 in the appendix, remain qualitatively unchanged. Since the basic monocentric city framework apparently inadequately captures the perceived accessibility of residential locations in Berlin, we develop a new type of gravity-based accessibility measure that relaxes both the common assumptions of perfectly concentrated employment as well as perfect substitutability among urban railway stations. Our results suggest an indicator that also takes into account the network architecture as well as the effective distribution of employment to be superior to a standard "distance to nearest station" measure.
We therefore recommend further research on transport infrastructure to address network externalities, which increase the effective accessibility effect of stations that enjoy a higher rank within the network hierarchy. 
